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l .  o  Summary 


In  May  of  1989  Ocean  Systems  Research  (OSR)  built  and  tested 
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its  Rapid  Thermal  Ice  Penetrator  (patent  pending) .  It  created  a  9- 
10  inch  diameter  hole  in  a  42  inch  thick  block  of  ice  in 
approximately  1.5  minutes. 

Based  upon  the  tremendous  success  of  the  above  test,  and  the 
enormous  potential  for  improvements,  OSR  received  a  research 
contract  (N62269-90-C-0546)  from  the  Naval  Air  Development  Center 
in  Warminster,  PA  to  assess  the  feasibility  of  adapting  their  ice 
penetrator  technology  to  an  "A"  size  configuration  (5  inch 
diameter)  for  an  Arctic  environmental  sensor.  As  part  of  this 
research  effort  two  ice  penetrators  were  built  and  tested.  Both 
penetrators  achieved  penetration  rates  in  excess  of  5  feet  per 
minute,  representing  a  greater  than  threefold  increase  in  speed  as 
compared  to  the  1989  testing. 

Also  developed  under  this  contract  was  a  numerical  model  for 
predicting  the  penetration  rate,  efficiency,  and  resultant  hole 
diameter  for  various  penetrator  configurations.  The  analytical 
results  generated  by  the  model  have  shown  good  correlation  with 
experimental  data  to  date.  The  analytical  model  was  also  used  to 
test  the  feasibility  of  applying  the  OSR  ice  penetrator  concept  to 
several  other  payload  sizes1*  ranging  from  5  to  21  inches  in 
diameter.  In  all  of  the  cases  analyzed,  predicted  results 
indicated  that  penetrating  10  feet  of  ice  in  2  minutes  can  be 
easily  achieved. 
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The  feasibility  of  adapting  the  autonomous  upright ing  concept 
to  an  "A"  size  configuration  was  also  studied  as  part  of  this 
research  effort.  A  prototype  "A"  size  uprighting  device  was  built 
that  successfully  demonstrated  the  capability  to  upright  an  "A" 
size  canister  from  horizontal  to  vertical. 

2 . 0  Background 

There  is  a  critical  need  for  a  rapid  means  of  delivering 
payloads  of  various  sizes  through  thick  Arctic  ice.  A  vast  amount 
of  research  and  testing  has  been  performed  in  recent  years  to 
develop  a  viable  system  expressly  for  this  purpose.  Presently  one 
is  faced  with  two  basic  choices  when  attempting  to  deliver  a 
payload  through  thick  Arctic  ice: 

-  melt  through  the  ice 

-  penetrate  via  fracturing  the  ice  (eg. ,  kinetic  penetrator) 

Numerous  melt-through  methods  have  been  tested  by  DOD 

labs/contractors.  One  method  that  has  been  the  subject  of 
significant  research  utilizes  a  lithium  thermochemical  contact 
reaction  to  melt  a  hole  through  the  ice.  This  technology  was 
demonstrated  as  feasible,  however,  it  proved  to  be  unreliable  in 
practice  as  well  as  not  being  cost  effective. (1)  In  addition, 
times  well  in  excess  of  30  minutes  were  required  to  penetrate  10 
feet  of  ice.  Competing  melt-through  technologies  are  also 
currently  being  investigated  including,  the  pumping  of  an 
antifreeze  type  solution  around  a  penetrating  nozzle.  Whereas  this 
approach  shows  potential  for  achieving  penetration  of  10  feet  of 
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ice  in  approximately  20  minutes,  it  appears  that  the  mechanical 
configuration  required  to  implement  this  technology  may  be  somewhat 
complex. 

The  alternate  (i.e.  kinetic)  approach  uses  a  high  velocity 
shaped  projectile  to  penetrate  the  ice.  In  this  case,  the 
penetration  is  very  rapid,  however,  there  are  two  major  drawbacks: 

1.  The  tremendous  deceleration  upon  impact  with  the  ice 
appears  incompatible  with  the  delicate 
sensors/electronics  currently  in  use. 

2.  It  is  difficult  to  maintain  communications  with  the 
device  once  it  penetrates  the  ice  (i.e.,  in  the  case  of 
a  sensor)  because  the  object  tends  to  penetrate  deeply 
into  the  water,  never  returning  to  the  original  point  of 
penetration. 

OSR  developed  the  solid  propellant  ice  penetrator  to 
incorporate  the  best  features  from  both  of  the  above  mentioned 
methods  while  eliminating  their  drawbacks.  The  OSR  penetrator 
utilizes  the  melt  through  approach  relying  on  directed,  hot,  high 
velocity  exhaust  gases  to  provide  the  high  heat  transfer 
coefficient  required  for  rapid  penetration. 

The  concept  of  operation  of  the  OSR  penetrator  is  as  follows: 
The  entire  unit  will  be  dropped  from  a  maritime  patrol  aircraft 
and,  upon  reaching  the  surface  of  the  ice,  will  automatically  right 
itself  to  the  proper  orientation  with  respect  to  the  ice  for 
penetration.  The  solid  propellant  will  then  be  ignited  such  that 
the  hot  gases  impinge  upon  the  ice  thereby  melting  it.  As  the  ice 
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is  penetrated,  the  penetrator  will  follow  the  receding  ice  surface 
by  gravity,  its  own  motive  force,  or  both  (depending  upon  the 
weight  of  the  payload) .  The  uprighting  mechanism  also  functions  as 
a  guide  to  maintain  vertically  of  the  penetrator  during  the  initial 
stages  of  penetration.  Upon  fully  penetrating  the  ice,  the 
penetrator  and  payload  will  separate,  enabling  the  payload  to  carry 
out  its  mission. 

3.0  HARDWARE  DESCRIPTION 
3 . 1  Test  Motors 

In  order  to  minimize  fabrication  costs  and  complete  the 
testing  in  the  allotted  four  months,  the  motors  were  proposed  in  a 
heavyweight  design.  Whereas  the  external  diameter  of  the  test 
motor  matches  the  final  design,  the  interior  volume  available  for 
propellant  was  reduced  by  the  heavy  wall  steel  casings,  the  thick 
insulation,  and  the  use  of  heavy  duty  threaded  closures  on  either 
end.  Reduced  prints  of  the  manufacturing  drawings  are  shown  in 
Figures  la-e. 

The  two  identically  designed  motors  were  designed  for  an 
approximate  40  second  burn  time  using  a  Thiokol  TP-H-3443 
propellant.  The  energy  content  of  the  propellant  was  2250  Btu/Lbm. 
Chamber  pressure  of  the  motors  was  designed  to  be  500  psia.  The 
motors  employed  5  nozzles.  The  center  nozzle  was  directed  parallel 
to  the  longitudinal  axis  of  the  motor,  whereas  the  four  remaining 
nozzles  were  canted  15  degrees  to  impart  rotation.  The  motors 
contained  8.3  pounds  of  propellant  each.  The  net  axial  thrust  of 
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the  motors,  as  well  as  the  total  weight  of  each  motors  was 
approximately  40  pounds. 

3.2  Uprighting  Device 

In  order  for  the  penetrator  to  function  properly  it  must  be 
oriented  somewhat  normal  to  the  ice  surface  prior  to  penetration. 
The  uprighting  device,  which  surrounds  the  penetrator  and  sensor 
payload,  carries  out  this  function.  The  entire  sensor  package, 
including  the  uprighter,  is  designed  to  fit  within  the  standard 
envelope  dimensions  for  an  "A"  size  sonobuoy,  namely  4  7/8  inch 
O.D.  and  36  inches  in  length.  In  addition,  the  "A"  size  package 
has  a  weight  limit  of  50  lbs,  and  must  upright  itself  in  under  4 
seconds.  The  I.D.  of  the  uprighting  device  is  4.00  inches 
(nominal) . 

3.2.1  Prototype  Fabrication 

As  part  of  the  research  effort  a  prototype  uprighting  device 
meeting  the  above  requirements  was  built  and  tested  (See  Figure  1 
&  2)  .  It  consisted  of  a  4.25  inch  diameter  O.D.  aluminum  cylinder, 
approximately  36  inches  in  length.  Mounted  around  the  outer 
periphery  of  the  cylinder  are  6  retractable  legs,  that  when 
collapsed  give  the  device  an  O.D.  of  4  7/8  inches.  A  combination 
of  multiple  leaf  springs  and  a  coil  spring  provide  the  motive  force 
for  uprighting  the  unit. 
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The  device  is  designed  to  operate  as  follows  (see  Figure  3) : 

1.  Unit  comes  to  rest  horizontally  on  the  surface  of  the 
ice. 

2.  Release  mechanism  unleashes  springs,  leaf  springs  open 
legs  to  approximately  12  -  15  degrees. 

3 .  Coil  spring  provides  the  remaining  motive  force  required 
to  bring  the  unit  to  vertical. 

The  spring  constant  (k)  of  the  coil  spring  used  in  the  prototype 
was  13.5  lbs/inch.  The  total  travel  of  the  coil  spring  was 
approximately  10  inches  (closed  to  open)  still  remaining  slightly 
compressed  at  full  extension. 

For  exhibition  purposes  only,  the  prototype  unit  incorporated 
a  manual  lead  screw  device  for  opening  and  closing  rather  than  an 
instantaneous  release  mechanism. 

3.3  Testing 

The  test  apparatus  was  set  up  as  shown  in  Figures  4  and  6.  To 
overcome  thrust  with  an  adequate  safely  margin,  weight  was  added  at 
the  top  of  the  tubular  guide  rod  (69  pounds  for  test  #1,  30  pounds 
for  test  2) .  A  41  inch  thick  ice  block  was  used  in  test  1  and  a 
62.5  inch  thick  block  was  used  in  test  2.  Three  video  cameras  (two 
high  speed  black  and  white  and  one  standard  color  videp  recorder) 

were  positioned  at  various  angles  to  monitor  and  record  ice 

■r> 

penetrator  performance  during  the  test.  Fans  were  strategically 
positioned  to  remove  smoke/vapor  thus  allowing  better  video 
coverage.  Figures  5  and  7  depict  test  results  from  tests  1  and  2 
respectively . 


15 


1 


2 


3 


Figure  3  OSR  Uprighting  Device  Operation 


Figure  5  Test  Results  (Test  1 
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4 . 0  Summary  and  Conclusions 


A  simple  lumped  parameter  analysis  was  used  to  develop  an 
analytical  model  for  predicting  the  performance  of  our  Rapid 
Thermal  Ice  Penetrator.  Based  on  empirical  formula  and  test  data, 
we  confirmed  the  model.  Results  from  the  tests  and  the  predictions 
are  in  good  agreement.  Aso  investigated  are  the  effects  of  various 
parameters  on  the  performance  of  the  system.  Applications  to  other 
sizes,  10,  14  and  21  inches  in  diameter  are  possible.  For  a  4-inch 
penetrator  having  weight  limitation,  we  propose  a  reverse  jet  to 
balance  the  thrust  force.  The  proposed  system  has  a  total  of  9 
nozzles  with  4  reverse  acting  nozzles.  We  predict  that  it  can 
penetrate  10  feet  of  ice  in  100  seconds. 
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4 . 1  Introduction 


For  many  applications,  there  is  a  need  to  deliver  sensors  or 
weapons  through  thick  Arctic  ice.  Therefore,  a  requirement  exists 
to  develop  a  rapid  ice  penetrating  system.  Reference  [2], 
discusses  a  technique  using  a  solid-fuel  rocket  to  drill  through 
the  glacier  ice.  In  1989,  OSR  has  designed  and  tested  a  solid 
propellant  ice  penetrator.  The  system  penetrated  42  inches  of  ice 
in  89  seconds.  That  is  0.46  inch  per  second.  [3]  [4]. 

Now,  there  are  two  basic  methods  for  delivering  a  payload 
through  thick  Arctic  ice  [3].  One  method  is  using  a  slow  melt- 
through  approach.  It  will  take  up  to  3  0  minutes  to  penetrate  10 
feet  of  ice.  That  is  only  0.07  inch  per  second.  The  other  method  is 
using  a  high  speed  kinetic  penetrator.  Slow  penetrating  rate  and 
high  impact  force  during  penetration  are  the  key  drawbacks  for  the 
first  and  second  methods  respectively.  The  goal  of  this  program  is 
to  develop  a  new  solid  propellant  ice  penetrator.  It  requires  that 
the  system  penetrate  10  feet  of  ice  in  2  minutes.  Appendices  [2] 
and  [3]  present  the  results  from  tests  conducted  by  Thiokol.  This 
report  presents  our  analytical  study  of  the  program. 
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4 . 2  Analytical  Approaches 

4.2.1  Physical  Model  for  Thermal  Ice  Penetration 

The  rapid  thermal  ice  penetration  system  is  essentially  a 
device  capable  of  issuing  high  temperature  gases  down  toward  the 
ice  surface  to  provide  a  rapid  thermal  heating  to  the  ice  surface. 
When  the  ice  surface  encounters  the  rapid  heating,  a  layer  of  ice, 
due  to  thermal  expansion  and  stress,  may  begin  to  crack  and 
simultaneously  melt,  forming  a  liquid  layer  on  top  of  the  ice. 
Figure  8  shows  a  sketch  of  the  rapid  thermal  ice  penetration 
system.  The  device  moves  downward  due  to  its  own  weight  thereby 
penetrating  as  the  melted  and/or  cracked  ice  is  removed  by  the  jet 
impinging  on  the  surface. 

Before  a  mathematical  model  can  be  formulated  to  predict  the 
penetration  rate  of  the  rapid  thermal  ice  penetration  system,  a 
proper  account  and  discussion  of  the  physical  processes  involved  is 
necessary.  In  order  to  present  a  clear  picture  of  the  physical 
process,  the  physical  process  of  the  cyclic  phenomenon  has  been 
divided  into  four  stages. 

Stage  1-  Rapid  Heating  of  Ice  Laver 

In  this  stage,  the  physical  process  is  dominated  by  the  rapid 
transient  conduction  in  the  ice  where  the  heat  is  provided  at  the 
ice  surface.  Preliminary  analysis  shows  that  the  time  spent  on 
heating  the  ice  surface  to  melting  point  is  on  the  order  of 
milliseconds . 

Stage  2-  Rapid  Thermal  Expansion  and  Initial  Crack 

The  ice  property  that  has  the  dominant  influence  on  cracking 
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is  the  thermal  expansion  coefficient  or  expansivity,  B.  It  is 
defined  as: 

6  =  l  dp  T  =  Temperature  ("Kelvin) 

p  0T  p  =  density  of  ice 

For  ice  near  the  melting  point,  32°  (273 °K),  the  thermal  expansion 
coefficient  has  a  peculiar  behavior  in  that  it  changes  from  6  = 
158xl0"6  ( 1/K° )  as  solid  ice  at  273  °K  (32  °F)  to  &  =  -67xl0'6  (1/K°) 
as  liquid  water  at  273°K  (32°F).  Therefore,  cracking  is  initiated 
by  rapid  contraction  as  the  ice  changes  from  solid  to  liquid. 
Figure  9  shows  the  variation  of  ice  expansivity  or  expansion 
coefficient  as  a  function  of  temperature  in  Kelvin  (1  deg  K  =  1  deg 
C)  . 

Stage  3  -  Rapid  Melting  and  Continuous  Cracking 

In  this  period  the  heat  begins  to  penetrate  around  the  crack 
line  made  in  Stage  2  causing  the  ice  to  melt  and  continuously  to 
crack  into  further  small  pieces.  During  this  stage,  some  of  the 
cracked  ice  may  become  movable  due  to  melting  and  fragmentation  of 
the  fracture  such  that  the  impinging  jet  may  lift  and  move  the 
fractured  ice.  This  stage  will  take  a  much  longer  time  since  the 
heat  transfer  coefficient  in  the  cracks  will  be,  in  general,  less 
than  the  heat  transfer  coefficient  at  the  ice  surface  facing  the 
thermal  ice  penetration  system.  Also,  the  heating  at  the  deeper 
crack  gap  would  take  a  longer  time  since  it  take  longer  for  the 
heat  to  reach  it. 

Stage  4  -  Removal  of  the  Gas/Liouid/Ice  Mixture 
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In  this  stage  the  melting  of  the  ice  through  the  crack  becomes 
substantial  and  the  ice  may  begin  to  mix  with  the  liquid,  and 
possibly,  to  become  mixed  with  the  vapor  that  is  generated  due  to 
the  superheating  from  the  high  temperature  gas  issuing  from  the 
penetrator.  The  removal  of  the  gas/liquid/ice  mixture  is 
accomplished  by  the  pressure  difference  between  the  atmosphere  and 
that  of  propellant  gas  issuing  from  the  penetrator.  It  is 
reasonable  to  expect  that  the  deeper  the  thermal  ice  penetrator 
penetrates,  the  longer  it  takes  for  the  gas/liquid/ ice/mixture  to 
be  removed. 

When  the  gas/ liquid/ ice  mixture  is  removed,  the  ice  layer 
again  becomes  solid  and  faces  the  rapid  heating  again.  Therefore, 
the  physical  process  will  be  to  repeat  Stage  1  of  transient  thermal 
conduction  of  the  ice  layer  again. 

4.2.2  Mathematical  Model 

For  the  analytical  approach,  we  consider  a  simple  lumped 
parameter  analysis  as  follows. 

The  governing  equation  for  transient  thermal  response  of  a 

fixed  volume  can  be  expressed  as: 

h  A  (T  -  Tf)  =  -pVC  dT  (1) 

dt 


Where  h 

As 

T 

Tf 

P 

V 


=  heat  transfer  coefficient 
=  exposea?  surface  area 
=  average  ice/water  temperature 
=  temperature  of  the  fluid  film 
=  density  of  ice 
=  volume  of  ice  7 r  D}2 
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Dj  =  diameter  of  ice  hole 

z  =  depth  of  ice  column 

Cp  =  specific  heat  of  ice 

t  =  thermal  response  time 

Integrating  equation  (1)  and  evaluating  the  constant  to  satisfy  the 
initial  condition,  t  =  0,  T  =  we  have  the  following  solution: 


T  -  Tf  =  -h  A^ 

T,  -  Tf  p  CpV  (2) 


Since  thermal  diffusivity  «  =  _k_,  where  k  is  thermal  conductivity, 

Cp 

equation  (2)  becomes: 


T  -  Tf  =  Exp  r*  h«A.  ■  t 
T,  -  Tf  l  kV 


Exp  [-  t/T] 


(3) 


where  r  =  kV 

h«Ac 

s 


The  parameter  r  is  the  so-called  time  constant  of  the  body.  The 
larger  the  value  of  r,  the  slower  the  body  responds  to  the  changes 
in  temperature.  Equation  (3)  can  be  arranged  to: 


In 


OCs-  0]f,)  M-  b 


(4) 


Where  is  Biot  Number  and  U?  is  Fourier  Time. 

For  this  analysis,  we  are  interested  in  the  thermal  response  time, 
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therefore  we  have 
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Evaluation  of  Heat  Transfer  Coefficient  (h) 


Correlation  of  space-average  heat  transfer  coefficient  between 
a  plate  &  arrays  of  jets  has  been  studied  by  Gardon  &  Cobonque 
(1961-1962) .  They  have  reached  a  correlation  formula  as: 


N„ 


with  Cw  =  0.286 
CRe  =0.625 


where  Nu  =  h  Sj/k  is  Nusselt  Number,  and 
ua  Sj  p 

R  =  _  is  Reynolds  Number, 

M 

u  is  arrival  velocity,  it  is  defined  as  ua  =  Cu  Ugd  with  Cu  =  6.63 

3  Zn 

where  ue  is  jet  velocity,  d  is  jet  diameter,  and  zn  is  the  distance 
from  the  jet  to  the  plate.  Sj  is  the  jet  spacing. 

In  order  to  apply  their  correlation  formula  to  this  analysis, 

I  define  S.  as  a  characteristic  length  with 

S  -  =  7T 
1  4  N. 

where  D  is  diameter  of  the  bottom  of  the  ice  penetrator,  Nj  is 
number  of  jets.  Therefore  the  correlation  formula  for  heat 
transfer  coefficient  can  be  expressed  as: 


h 


gas 


"Nu 


with  le  = 


kgas  4N,  Re 

7rD2 

Cu»  Ued  \j  7T  D2  . 
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Furthermore,  I  assume  hwater  =  Cgw  hgas  and  also  assume  it  varies  with 
time 


^  water  ^water  [_T/Cti|ne] 

where  C  and  C„.  are  coefficients,  T  is  total  elapsed  time  in 

gw  rime 

seconds . 

Evaluation  of  Exposed  Surface  Area  A. 

The  exposed  surface  area  As  includes  the  ice  surface  facing  the 
propellant  jet  and  the  crack  channels.  In  this  analysis,  I  assume 


As  “  Ccrack  —  Di< 

4 


Evaluation  of  the  Distance  from  the  jet  to  the  Ice,  Zn 

The  actual  weight  (Wactual)  of  the  system  is  supported  by  the 
jet  impinging  on  the  surface.  For  N  vertical  jets,  the  force  can 
be  expressed  by 


^actual  ^jet  P 

2L  d2  ne 

Cu  ^ 

.  4 

Zn 

W  =W  —  F  —  T  -  B 

actual  total  buoy  time  rate 

Where 


Wtotai  =  Initial  total  weight 

Wbu0y  =  Buoyancy  force  due  to  gas  water  mixture 
T„.  =  Total  elapse  time 

time 

Bpate  =  Propellant  burning  rate 


Z 


n 


Niet 


P 


2 r  d2  ue 
4 


■d 


/w 


actual 
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4.3  Results  and  Discussions 


The  mathematical  model  described  in  section  3  has  been  coded 
into  a  simple  Fortran  computer  program.  Inputs  and  outputs  for  two 
test  cases  are  presented  in  Attachment  A.  Required  fluid  and 
chemical  parameters  are  provided  by  Thiokol  as  shown  in  Attachment 
B.  In  this  report,  we  present  results  in  form  of  the  penetration 


depth  versus 

time. 

Variation  parameters  in  the  Figures  are  3 

and 

4  explained 

as  follows: 

^total 

= 

Total  weight  of  the  system  in  lbs. 

W 

propel 

= 

Total  propellant  weight  in  lbs. 

g 

rate 

= 

Propellant  burning  rate  in  lb/sec. 

Ncjet 

= 

Number  of  center  jet  (downward) 

Ndjet 

= 

Number  of  downward  jet 

Nujet 

= 

Number  of  upward  jet 

angjet 

= 

Incline  angle  of  the  jet 

Sw 

= 

Ratio  of  heat  transfer  coefficient  in  the 

ice 

crack  channel  to  the  hot  gas. 

Ccrack 

= 

Ratio  of  the  crack  surface  to  the  circular 

surface  area  of  the  ice  penetrator 

c 

time 

= 

Decrease  in  heat  transfer  coefficient  according 

to  the  formula  exp  [-T/Ctin)e]  where  T  is 

the 

total  elapsed  time. 
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4.3.1  Validation  of  the  Model 

Two  tests  have  been  conducted  in  this  program.  Figure  10 
shows  the  test  arrangement.  Figure  11  shows  the  motor  cross 
section  and  the  jet-hole  pattern  for  the  4-inch  penetration. 
Detail  descriptions  and  results  of  the  test  are  presented  in 
Appendices  [2]  and  [3]. 

Figures  12  and  13  present  the  comparisons  of  test  data  and  the 
predictions.  For  test  on  September  20,  1990,  we  have  the  following 
results: 

Total  Weight:  131  lbs. 

Total  Propellant:  8.3  lbs. 

Propellant  Burning  Rate:  0.180  Ib/sec. 

Coefficients  for  the  Model: 


Cgw  -  0.85 

Ccrack  =3.0 


Ctime  =  80 


The  penetration  rate  varies  from  1.58  in/sec  at  depth  of  1 
inch  to  1.01  at  depth  of  41  inches.  The  average  rate  is  1.21 
in/sec.  Two  curves  from  the  test  and  from  the  prediction  are  in 
good  agreement 

For  test  of  October  12,  1990  we  have  the  following  results: 

Total  Weight:  90  lbs. 

Total  Propellant:  8.24  lbs. 

Propellant  Burning  Rate:  0.179  lb/sec. 

Coefficients  for  the  Model: 


C 


gw 


0.85 
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The  penetration  rate  varies  from  1.66  in/sec  at  depth  of  1 
inch  to  0.89  at  depth  of  53  inches.  The  average  rate  is  1.18 
in/sec.  Results  from  the  test  and  the  predictions  are  also  in  good 
agreement.  Spinning  action  of  the  ice  penetrator  was  improved  in 
the  second  test.  Therefore  the  crack  coefficient  increase  from 
Ccrack  =  3  to  Ccrack  =  4.  It  was  also  observed  that  the  decrease  in 
total  weight  did  appear  to  slow  down  the  penetration  rate  at 
greater  depth. 


4.3.2  Effect  of  Various  Parameters 

In  order  to  evaluate  the  sensitivity  of  the  various 
parameters,  we  have  performed  the  following  analysis: 

Effect  of  C^: 

Figure  14  presents  the  variation  of  CgH  from  0.60  to  1.0.  It 
is  clear  that  the  penetration  rate  increases  with  the  increasing  CgH 
value. 


Effect  of  Ccrack: 

Figure  15  presents  the  variation  of  Ccrack  from  2  to  5.  It 
shows  that  the  larger  the  crack  area,  the  faster  the  penetration 
rate. 


Effect  of  Ctime: 


Figure  16  presents  the  variation  of  Ctime  on  penetration.  The 
lower  the  Ctime  value,  the  slower  the  penetration  rate.  As  shown  in 
the  figure,  effects  are  more  profound  at  greater  depth. 


Effect  of  total  weight  (Wtotal)  : 

Figure  17  presents  the  penetration  depth  versus  time  for  the 
systems  having  total  weight  of  180,  131,  90,  and  60  lbs.  It  shows 
that  the  total  weight  can  have  a  tremendous  effect  on  the 
penetration  rate.  For  total  weight  of  131  lbs.,  the  penetration 
rate  decreases  from  2.10  in/sec.  at  1  inch  to  0.46  in/sec.  at  120 

inches.  The  system  is  capable  of  penetration  10  ft.  of  ice  in 

-m 

114.38  seconds  with  average  rate  of  1.05  in/sec. 

For  total  weight  of  60  lbs.,  the  penetration  rate  decreases 
from  1.29  in/sec  at  1  inch  to  0.22  in/sec  at  69  inches.  With  120 
seconds,  time  limit,  the  system  only  can  penetrate  69  inches  at  the 
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EFFECT  OF  angjet  ON  PENETRATION 
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Figure  18 


average  rate  of  0.58  in/sec.  (This  assumes  a  penetrator  thrust  of 
approximately  40  lbs  and  the  system  weight  decreasing  as  propellant 
is  burned.) 

A  method  to  overcome  the  weight  effect  will  be  discussed  in 
section  4.3. 

Effect  of  Jet  Incline  Angle  (angjet) : 

Figure  18  shows  the  effect  of  incline  jet  angle  on  the 
penetration  time  for  10  feet  ice.  Because  of  the  reducing  thrust 
force,  increase  in  the  incline  jet  angle  can  reduce  the  total 
penetrating  time. 
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4.3.3  Modified  Nozzle  Design  for  Reducing  Thrust 

From  our  discussions  in  the  previous  section,  the  total  weight 
to  compensate  the  jet  thrust  force  is  one  of  the  key  parameters. 
In  order  to  achieve  our  goal  of  penetrating  10  feet  of  ice  in  2 
minutes  with  a  limiting  weight  of  50  lbs.,  we  propose  the  use  of 
reverse  nozzles  for  this  application.  A  9-hole  ice  penetrator, 
consisting  of  downward  center  jet,  4  downward  45  degree  jets  and  4 
upward  45  degree  jets  as  shown  in  Figure  19  is  one  of  the 
candidates.  Analytical  prediction  based  on  the  coefficients,  Cgw, 
=  0.50,  Ccrack  =  4.0  and  Ctime  =  60  is  presented  in  Figure  20.  The 
prediction  shows  that  the  system  will  be  able  to  penetrate  TO  feet 
of  ice  in  100  seconds  at  the  average  rate  of  1.20  in/sec. 


-3* 
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MODIFIED  4"  OIA  PENETRATOR  PERFORMANCE 


4.3.4  Applications  to  Other  Size  of  the  Penetrators 

Three  other  sizes  of  the  ice  penetrators  have  been  studied  for 
future  applications.  Figure  21,  22  and  23  present  the  hole-pattern 
and  predicted  results  for  10,  14  and  21  inches  diameter 

respectively.  Results  can  be  summarized  in  the  following  table. 

Summary  of  Performance 


Diameter  of  the  Penetrator  (in) 

10 

14 

21 

Total  Weight  (lbs) 

1046 

1503 

2360 

Payload  (lbs) 

800 

1200 

2000 

Total  Number  of  jets 

19 

16 

13 

Number  of  Center  Jets 

1 

1 

1 

Incline  Angle  of  Side  Jet 

45° 

45" 

45° 

Required  Penetrating  Time 
(for  10  ft  of  ice) 

111 

112 

106 

Average  Penetrating  Rate 
( in/sec. ) 

1.08 

1.07 

1.14 
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10  INCH  01A  ICE  PENETRATOR  PERFORMANCE 


A  13-Hole  Pattern  for  A  10-inch  Diameter  Ice  Penetrator 

Figure  21 


14  INCH  OIA  ICE  PENETRATOR  PERFORMANCE 


Figure  22 


21  INCH  DIA  ICE  PENETRATOR  PERFORMANCE 


Figure  23 
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5.0  TEST  RESULTS 


5.1  TEST  #  1 

The  total  burn  time  of  the  gas  generator  was  45.5  seconds. 
The  measured  penetrator  rate  was  approximately  6.46  feet  per 
minute.  The  resultant  hole  diameter  measured  approximately 
7 . 0  inches  across  the  top  of  the  ice  block  and  approximately 
5.0  inches  at  the  bottom  (exit  point).  The  estimated  efficiency 
(based  upon  the  average  hole  diameter  versus  amount  of  propellant 
used)  is  calculated  below: 

1.  Volume  of  ice  melted:  (3.14W6.25  in.)2  x  41.0  in  =  1257  in2 

4 

=  0.73ft3 

2.  Weight  of  ice  melted:  0.73  ft3  x  57.2  Lbs/ft3  =  41.7  Lbs 

3.  Amount  of  propellant:  28.8  sec,  x  8.3Lbs  =  5.3  Lbs 

44.5  sec. 

4.  Energy  expended  by  motor:  5.3  Lb  x  2250  Btu/Lb  =  11,876  Btu 

5.  Energy  required  to  melt  ice: 

36  in. (41.7Lbs) (167.5Btu/Lb)  =  6132  Btu 

41  in. 

6.  Melting  Efficiency:  6132  Btu  =  51.6% 

11876  Btu 
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5.2  Test  #  2 

The  total  burn  time  of  the  gas  generator  was  45.5  seconds, 
which  was  identical  to  the  first  test.  The  measured  penetration 
rate  was  approximately  6.0  feet  per  minute.  The  resultant  hole 
diameter  measured  approximately  7 . 0  inches  across  the  top  of  the 
ice  block  and  approximately  4.50  inches  across  at  the  lowest  point 
of  penetration.  The  estimated  efficiency  (based  upon  the  average 
hole  diameter  versus  amount  of  propellant  used)  is  calculated 
below: 

1.  Volume  of  ice  melted:  (3.14W6.25  in.)2  x  54.5  in  =  1672  in3 

4 

=  0.97ft3 

2.  Weight  of  ice  melted:  .97  ft3  x  57.2  Lbs/ft3  =  55.50  Lbs 


3.  Amount  of  propellant: 

4.  Energy  expended  by  motor:  8.24Lbs  x  2250  Btu/Lb 

5.  Energy  required  to  melt  ice:  (55.50Lbs) (167 . 5Btu/Lb) 

6.  Melting  Efficiency:  9296  Btu 

18540  Btu 


=  8.24  Lbs 
-  18,540  Btu 
=  9296  Btu 

=  50.1% 
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6.0  CONCLUSIONS/LESSONS  LEARNED 

Based  upon  successful  test  results,  the  use  of  solid 
propellant  to  rapidly  penetrate  thick  Arctic  ice  appears  very 
feasible.  The  penetration  rate  achieved  on  these  two  tests  was 
15-20  times  faster  than  the  best  thermochemical  type  penetrators, 
which  have  seen  many  years  of  development  and  testing.  It  appears 
that  based  upon  the  average  penetration  rate  achieved  during  these 
two  tests  (6.25  feet/minute),  penetration  of  10  feet  of  ice  in 
under  two  minutes  is  easily  achievable.  Further  optimization  of 
nozzle  design,  burn  rate,  and  propellant  selection  should  lead  to 
additional  improvements  in  efficiency  and/or  penetration  rate. 
Additional  testing  and  analysis  is  required,  however,  in  order  to 
characterize  the  critical  design  parameters  for  performance 
optimization.  The  goal  of  the  optimization  process  will  be  to 
develop  the  simplest  and  most  effective  ice  penetrator  design  while 
staying  within  the  volume,  weight,  and  penetration  constraints. 

The  nozzle  configurations  tested  as  part  of  this  feasibility 
demonstration  are  ideally  suited  for  large  ,  heavy  payloads. 
Little  additional  design  effort  would  be  required  to  design  a 
penetrator  for  such  devices.  For  smaller,  lighter  weight  devices 
(such  as  environmental  sensors)  some  means  of  thrust 
negation/reversal  is  necessary  in  order  to  achieve  rapid 
penetration.  There  are  several  ways  in  which  this  can  be 
accomplished,  one  of  which  is  presented  in  Section  4  of  this 
report.  Whereas  the  optimization  of  the  nozzle  configuration  for 
this  application  requires  additional  developmental  testing,  our 


53 


analysis  show  that  penetration  of  10  feet  of  ice  in  under  two 
minutes  can  be  achieved. 

The  propellant  used  in  this  feasibility  demonstration  had  an 
energy  content  of  2250  Btu/lbm.  In  order  to  reduce  the 
propellant/volume  weight  requirements,  future  penetrators  will  use 
a  propellant  with  a  40%  higher  energy  content  per  Lb.  The  higher 
energy  propellant  will  reduce  the  propellant  weight  by  40%  and 
since  the  specific  gravity  of  the  proposed  propellant  is  slightly 
higher,  the  volume  will  be  reduced  by  more  than  40%. 

Two  thicknesses  of  ice  were  used  for  the  feasibility 
demonstration,  41  inches  and  62.5  inches.  The  62.5  inch-thick 
block  was  formed  by  joining  two  smaller  blocks  of  ice.  During  test 
2,  which  utilized  the  62.5  inch  block,  the  seam  ruptured  and  energy 
(i.e.  hot  gases)  was  diverted  through  the  seam,  thereby  affecting 
the  penetration  efficiency.  In  future  tests  we  will  design  the  ice 
blocks  to  prevent  seam  rupture. 


-«3> 
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Attachments  A 


Analytical  Prediction  for  Ice  Penetration  (test!012) 


( 

Test  Date 

:  October 

12,  1990  ) 

_ A 

Ice  (in) 
-60.0 

W  total 
“90.0 

W  Propel 
“  8.24 

B  rate 
".179 

N_cjet  N_d j  et  ang_djet 


_ ^ _ 

_ _ _ + 

Dia(in) 

Height 

d_jet(in) 

son  vel 

Mach 

4.0 

26.7 

.2800 

806.9 

2.657 

A  -ft 

_  ^ _ 

Rho 

Vis 

Cp 

Pr 

C  gw 

.  2150E-03  . 

.  1128E— 05 

.4062 

.5663 

.85 

C  Nu 

C  Re 

C  u 

C  crack 

C  time 

.268 

7625 

6.630 

4.0 

80.0 

— 

k  ice 

alpha 

T  (F) 

Tf  (F) 

Ti  (F) 

1.2500 

.0450 

32.00 

212.00 

_ 

* 

O  I 
o  l 
•  1 
in  I 

H  I 

i 

time (sec) 

Depth (in) 

h  water  Weight (Lb) 

V(in/sec) 

2.10 

-1, 

.00 

804. 

90.00 

1.6630 

2.71 

-2 

.00 

796. 

89.89 

1.6468 

3.94 

-4 

.00 

780. 

89.67 

1.6145 

5.20 

-6 

.00 

765. 

89.45 

1.5822 

6.48 

-8 

.00 

749. 

89.22 

1.5499 

7.79 

-10 

.00 

734. 

88.99 

1.5177 

9.13 

-12 

.00 

718. 

88.75 

1.4855 

10.50 

-14 

.00 

702. 

88.51 

1.4534 

11.90 

-16 

.00 

687. 

88.26 

1.4213 

13.33 

-18 

.00 

671. 

88.01 

1.3893 

14.80 

-20 

.00 

656. 

87.75 

1.3573 

16.30 

-22 

.00 

641. 

87.49 

1.3254 

17.83 

-24 

.00 

625. 

87.21 

1.2935 

19.41 

-26 

.00 

610. 

86.94 

1.2617 

21.02 

-28 

.00 

596. 

86.65 

1.2326 

22.67 

-30 

.00 

582. 

86.36 

1.2050 

24.36 

-32 

.00 

569. 

86.06 

1.1774 

26.09 

-34 

.00 

556. 

85.75 

1.1497 

27.86 

-36 

.00 

542. 

85.44 

1.1221 

29.68 

-38 

.00 

529. 

85.12 

1.0945 

31.54 

-40 

.  00 

>  516. 

84.79 

1.0668 

33.45 

-42 

.00 

502. 

84.45 

1.0392 

35.42 

-44 

.00 

489. 

84.11 

1.0115 

37.44 

-46 

.00 

475. 

83.75 

.9838 

39.51 

-48 

.00 

462. 

83.38 

.9561 

41.65 

-50 

.00 

449. 

83.01 

.9285 

42.74 

-51 

..00 

442. 

82.81 

.9146 

43.85 

-52 

.00 

435. 

82.62 

.9008 

44.98 

-53 

.00 

429. 

82.42 

.8869 

Analytical  Prediction  for  Ice  Penetration  (test920) 


(  Test  Data  :  September  20,  1990  ) 


Ice  (in) 

W  total 

W  Propel  B  rate 

* 

-41.0 

131.0 

8.30  .180 

N  cjet 

N  djet 

ang  djet 

1. 

4. 

15. 

_ * 

Dia(in)  Height  d_jet(in)  son_vel  Mach 
4.0  26.7  .2800  806.9  2.657 


Rho  Vis  Cp  Pr  C_gw 

.2150E— 03  . 1128E— 05  .4062  .5663  .85 


C  Nu 
7268 

C  Re 
.625 

C  u 

6.630 

C  crack 
3.0 

C  time 
80.0 

k  ice 

alpha 

T  (F) 

Tf  (F) 

Ti  (F) 

* — 

1.2500 

.0450 

32*00 

_ 

212.00 

-15.00 

time  (sec) 

Depth (in) 

h  water 

Weight (Lb) 

V(  in/sec) 

2.13 

-1.00 

To  17 . 

131.00 

1.5778 

2.77 

-2.00 

1007. 

130.89 

1.5629 

4.07 

-4.00 

988. 

130.65 

1.5330 

5.40 

-6.00 

969. 

130.42 

1.5032 

6.75 

-8.00 

950. 

130.18 

1.4735 

8.12 

-10.00 

930. 

129.93 

1.4438 

9.53 

-12.00 

911. 

129.68 

1.4141 

10.97 

-14.00 

892. 

129.43 

1.3844 

12.44 

-16.00 

873. 

129.16 

1.3548 

13.94 

-18.00 

854. 

128.90 

1.3253 

15.47 

-20.00 

835. 

128.62 

1.2958 

17.04 

-22.00 

816. 

128.34 

1.2663 

18.65 

-24.00 

797. 

128.06 

1.2369 

20.30 

-26.00 

778. 

127.77 

1.2075 

21.98 

-28.00 

760. 

127.47 

1.1798 

22.84 

-29.00 

752. 

127.31 

1.1665 

23.71 

-30.00 

743. 

127.16 

1.1531 

24.58 

-31.00 

735. 

127.00 

1.1398 

25.47 

-32.00 

726. 

126.84 

1.1264 

26.37 

-33.00 

>  717 . 

126.69 

1.1131 

27.28 

-34.00 

709. 

126.52 

1.0997 

28.20 

-35.00 

700. 

126.36 

1.0864 

29.13 

-36.00 

691. 

126.19 

1.0730 

30.08 

-37.00 

683. 

126.03 

1.0597 

31.03 

-38.00 

674. 

125.86 

1.0463 

32.00 

-39.00 

666. 

125.68 

1.0330 

32.98 

-40.00 

657. 

125.51 

1.0196 

33.97 

-41.00 

648. 

125.33 

1.0063 
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SPECIES  DATA  HUM  SNNEW  ...  THRU  REVISION  33  (MAR  1979) 
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THIOKOL  CORPORATION 
ELK.TON  DIVISION 
ELKTON,  MARYLAND 


rapid  thermal  ice  penetrator 


TEST  PLAN  2833-1485 


Abstract:  A  gas  generator  will  be  test  fired  to  demonstrate 

its  ability  to  penetrate  polar  ice. 
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1.0  SCOPE 

1.1  The  scope  of  this  document  is  to  define  the 
requirements  for  testing  a  solid  fuel  polar  ice  penetrator. 

1.2  Test  item  description.  The  penetrator  will  be  a  end 

burning  solid  fuel  gas  generator  assembled  in  accordance  with 
Drawing  E43894-01  and  designated  as  Thiokol  motor  type 

TE-M-913-2.  It  is  approximately  27  inches  long  and  4  inches  in 
diameter.  It  is  equipped  with  an  aft  end  igniter  and  five 
nozzles . 

1.3  Test  Arrangement.  The  test  arrangement  will  provide  a 

guide  and  restraint  for  the  gas  generator  above  the  ice  pack. 
The  ice  pack  will  consist  of  an  ice  block  approximately  4  feet 
thick.  Weight  of  the  system  will  advance  the  burning  gas 

generator  into  the  ice  as  the  melted  material  is  removed. 

2.0  EQUIPMENT  REQUIRED 

2.1  Ice  Block  -  A  block  of  ice  approximately  30  inches 

diameter  by  48  inches  long. 

2.3  Motor  mount  and  guide  -  supplied  by  testing  per 
Figure  1. 

2 . 4  Standard  Video  -  Primary  data  will  be  standard  closed 
circuit  video  recorded  on  tape  for  observation. 

2.5  Gas  Generator  -  E43894-01 

2.6  High  speed  cameras  (2) 

2 . 7  High  speed  video  ( 2  cameras ) 

2 . 8  Fans 

2.9  Temp lac  (150°  To  300°F) 


3 . 0  SAFETY 

- - 

3.1  All  operations  shall  be  conducted  in  accordance  with 

the  Testing  Department  Safety  Manual,  E63-84. 

A.  Educate  personnel  to  establish  personal  grounding 
habits  prior  to  handling  explosive  components. 

B.  To  avoid  the  possibility  of  accidental  ignition  due  to 
electrostatic  discharge,  the  test  item  must  be  maintained  at  zero 
voltage  potential  relative  to  any  handling  equipment,  test  stand, 
or  personnel  by  use  of  grounding  straps  connected  to  a  verified 
earth  ground. 

C.  If  conductive  plastic  (Velostat)  is  used  to  cover  the 
test  item,  the  plastic  must  be  connected  to  earth  ground  by  means 
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D.  Nonmetallic  explosive  components,  such  as  propellant 
cups,  shall  be  installed  in  Velostat  conductive  bags  prior  to 
environmental,  structural,  or  static  test  efforts. 

E.  Eliminate  the  use  of  nonconductive  bags  in  all 
operations  involving  propellants,  flammable  solvents,  flammables, 
dusts,  fine  micron  powders,  igniters,  and  ignition  systems.  Use 
only  conductive  Velostat. 

F.  In  those  test  operations  where  tarps,  canvasses, or 
other  nonconductive  environmental  coverings  must  be  utilized,  the 
electrostatic  voltmeter  surveys  of  paragraph  J  must  be  conducted 
to  evaluate  the  hazards. 

G.  Utilize  "make  before  break"  procedures  in  all  motor, 
hoist,  test  stand,  and/or  test  fixture  grounding  operations. 
That  is,  prior  to  disconnecting  one  ground  cable  (break),  a 
second  ground  cable  must  be  connected  (make) .  This  operation 
shall  be  routinely  followed  during  handling  and  transport 
operations . 

H.  Connect  a  ground  cable  to  all  hoist  hooks  unless  they 
are  marked  as  designated  grounds. 

I.  Provide  ground  straps  between  test  stands  and/or 
fixtures,  hoists,  and  explosive  items  being  lifted. 

j.  Use  electrostatic  voltmeters  routinely  to  evaluate 
potential  static  problems  prior  to  beginning  hazardous 
operations.  Technicians  using  the  voltmeters  shall  have  touched 
a  ground  bar  moments  prior  to  using  the  voltmeters. 

When  the  measured  electrostatic  potential  is  above 
5000  volts,  it  must  be  assumed  that  a  potentially  hazardous 
condition  exists.  The  following  steps  shall  be  taken  to  safely 
discharge  the  voltage: 

Provide  for  an  ionized  atmosphere  between  the  static 
accumulating  source  and  a  fixed  ground  —  the  most  practical  and 
safest  device  for  this  is  a  radioactive  alpha  particle  source. 
Such  a  device  is  available  from  the  Safety  Department.  Continue 
ionization  techniques  until*  meter  readings  indicate  neutralized 
conditions . 

Use  of  grounding  devices  —  electrical  conductors  from 
the  accumulated  charge  to  a  suitable  electrical  ground  will 
safely  reduce  and  dissipate  the  accumulated  charge;  in  this 
context,  a  suitable  ground  is  one  which  meets  the  National 
Electric  Code  acceptance  limit  of  10  ohms,  maximum. 
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In  the  event  a  charge  between  5000  and  10000  volts  is 
measured,  a  special  insulated  bleeder  cable,  which  has  a  1  megohm 
resistor  installed  between  two  insulated  alligator  clips  may  be 
used  to  safely  bleed  the  voltage  to  ground.  In  those  instances 
where  an  ionized  atmosphere  is  used  to  neutralize  the  charge,  the 
insulated  bleeder  cable  may  be  used  at  voltages  less  than  10000 
volts. 


If  repeated  electrostatic  testing  shows  that  certain 
operations  result  in  static  buildup,  the  following  actions  may  be 
taken  in  addition  to  grounding  and  ionization  techniques. 

Control  of  environmental  conditions  —  high  temperature 
and  high  humidity  reduce  accumulation  of  electrostatic  charge 
while  cool  temperatures  and  low  humidity  intensify  the 
accumulation  of  electrostatic  charge. 

Use  of  static  collectors  —  grounded  metallic'  combs, 
brushes,  or  tinsel  bars  must  not  touch  the  surface  to  be 
discharged  but  should  be  located  within  1/4  to  1  inch  of  the 
surface. 


K.  Study  the  published  plans  showing  facility  "designated 
grounds",  ground  wires,  work  bench  ground  systems,  and  grounding 
bars  for  each  building,  test  facility,  and  test  bay  in  the 
Testing  Department.  Utilize  grounding  point  lugs  on  all 
explosive  components ,  when  available .  Contact  the  test  engineer 
if  a  grounding  point  is  not  clear. 

L.  Static  control  wrist  straps  shall  be  utilized  during 
all  igniter  assembly  operations.  The  straps  must  be  attached  to 
the  work  bench  or  test  bay  ground  wire  prior  to  initiating 
efforts  on  the  igniter.  Facility  ground  cables  shall  be 
routinely  utilized  on  all  items  containing  electrical  initiation 
systems . 


M.  The  following  procedures  shall  be  followed  for 

installation  of  propellant-containing  components  into  thermal 
conditioning  chambers : 

NOTE:  Small  metallic  case  and  other  small  hand-carried  motors 

shall  be  exempt*  from  the  facility  ground  cable 
requirements  when  being  carried  from  a  thermal  room  or 
chamber  to  a  grounded  test  stand  or  from  a  truck  to  the 
thermal  room. 

A  facility  ground  cable  must  be  attached  to  the  rocket 
motor  (component)  prior  to  movement  to  the  chamber. 

Ensure  the  thermal  chamber  is  grounded. 
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If  a  metal  case  rocket  motor  is  to  be  positioned  on  the 
metal  floor  of  the  chamber,  place  the  component  into  the  chamber 
and  remove  the  facility  ground  cable  from  the  component. 

Prior  to  removal  from  the  chamber,  re-attach  the 
facility  ground  cable  and  then  remove  the  motor  (component). 

If  the  metal  case  rocket  motor  (component)  is  to  be 
placed  on  a  wooden  pallet  (or  other  nonconductive  surface),  a 
metallic  mesh  (screen)  shall  be  placed  over  the  surface  with 
assurance  of  a  proper  ground  prior  to  installing  the  rocket  motor 
( component ) . 

Install  the  rocket  motor  (component)  into  the  chamber 
and  remove  the  facility  ground  cable  from  the  component. 

Prior  to  removal  from  the  chamber,  re-attach  the 
facility  ground  cable  and  then  remove  the  component  from  the 
chamber . 


If  the  rocket  motor  (component)  is  to  be  installed  in  a 
conditioning  ’’room",  the  rocket  motor  (component)  must  be 
positioned  on  conductive  shelving.  Verify  that  conductive 
shelving  has  been  grounded. 

In  the  event  wooden  shelving  (or  other  nonconductive 
surface)  is  utilized,  the  nonconductive  surface  shall  be  covered 
with  metallic  mesh  (screen)  prior  to  installing  the  rocket  motor 
(component) . 

Prior  to  removal  from  the  conditioning  "room", 
re-attach  the  facility  ground  cable  and  then  remove  the  motor 
( component ) . 

Non-metallic  cases  (components)  shall  be  routinely 
checked  using  an  electrostatic  voltmeter  and  the  above  facility 
ground  cable  procedures  utilized.  In  addition,  a  ground  cable 
internal  to  the  chamber  or  room  must  be  attached  to  the  grounding 
lug  on  the  non-metallic  case  (component). 


4.0  PRETEST  PREPARATION 

4.1  The  support  system  (shown  in  Figure  1)  will  be  mounted 
to  a  monorail  support  at  C36  test  bay  (as  assigned). 

4.2  The  ice  block  will  be  frozen  in  C-9  six  (6)  inches  at  a 
time. 

4.2.1  Thermocouples  will  be  enbedded  in  the  ice  as  it  is 
frozen  per  E43896. 
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4.3  The  ice  block  will  be  obtained  from  the  freezer  using  a 

fork  lift. 

4.3.1  The  ice  block  will  be  weighed  before  installation  in 
test  bay. 


4 . 4  The  gas  generator  will  be  painted  with  stripes  of 
templac  paint  as  shown  in  Figure  2. 

4.5  Provide  a  breakaway  system  for  the  ingiter  leads  to 
allow  the  test  item  to  spin  freely. 

4.6  The  test  item  will  be  fitted  with  an  1196  squib  if  not 
already  installed. 


5.0  OPERATIONS 

5.1  The  gas  generator  head  cap  will  be  attached  to  the 

lower  end  of  the  restrain  -  guide  system  as  shown  in  Figure  1 
using  (TBD)  cap  screws. 

5.2  The  assembly  will  be  lifted  as  high  as  required  to 
clear  the  ice  block  and  supports 

5.3  Place  concrete  blocks  in  position  to  support  the  ice 
pallet  under  the  guide. 

5.4  Using  a  fork  lift,  position  the  ice  mass  under  the 

guide  system  and  gas  generator. 

5 . 5  Lower  the  gas  generator  into  position  above  the  ice 

(ice  cube  spacers  will  be  installed  under  the  nozzle  cap  to 
maintain  correct  spacing). 

5 . 6  Install  fans  to  clear  away  smoke  and  steam  to  provide  a 
better  view  for  cameras. 

Verify  that  pretest  photographs  have  been  completed. 
Verify  that  video  and/or  cameras  are  prepared  for  the 


5.7 

5.8 
test. 
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5.9  At  the  direction  of  the  test  director  arm  the  gas 
generator  and  clear  the  area. 

5.9.1  The  igniter  leads  must  be  positioned  to  break  free  of 
the  test  item  to  allow  free  spin. 

5.10  Verify  that  the  gas  generator  functions. 

5.11  Maintain  area  control  until  all  safety  checks  are 
completed. 

CAUTION!  The  combination  of  exhaust  gases  and  water  from  the  ice 
melt  will  be  highly  acidic  and  can  cause  irritation  if  contacted. 


6.0  INSTRUMENTATION  OPERATIONS 

6.1  Provide  control  and  conditioning  equipment  for  the 

following  data  parameters: 


Parameter 

Number 

Range 

Recording  Method 

Ignition  Current 

1 

0-10  amps 

Analog/Digital 

Temperature 

8 

0-1000° 

Analog/Digital 

6.1.1  Provide  method  to  cut  ignition  lines  after  ignition. 

6.1.2  Provide  10  amperes  to  one  1196  squib  or  equivalant. 
(approximately  1  ohm  maximum  resistance). 

6.2  Record  data  on  analog  at  10  inches  per  second. 

6.3  Perform  dry  run  before  motor  and  ice  pack  are 
installed. 


6.4  At  the  direction  of  the  test  director  initiate  the 

firing  sequence  and  record  temperature  data  as  long  as 
thermocouple  circuits  are  maintained.  (Thermocouple  leads  may  be 
broken  by  spinning  gas  generator . ) 

7.0  PHOTOGRAPHIC  -  VIDEO  REQUIREMENTS 

7.1  Standard  Video  -  Primary  data  will  be  standard  closed 

circuit  video  recorded  on  tape  for  observation. 
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7.2  Still  Photographs  -  Still  photographs  will  be  provided 
in  black  and  white  8  1/2  "  X  11"  format  to  document  the  test 
results  and  test  arrangement. 

7.3  High  speed  video  -  use  two  (2)  cameras;  one  above  and 
one  beside  the  test  assembly. 

7.4  Arrange  cameras  for  over  all  coverage  to  show  melt 
through. 
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I  INTRODUCTION 


On  20  September  the  first  in  a  series  of  two  penetration  tests  was 
conducted.  This  test  was  done  to: 

1)  assess  the  feasibility  of  using  a  solid  propellant  rocket 
motor  for  rapid  ice  penetration; 

2)  determine  the  efficiency  of  the  penetration  using  four 
inch  diameter  hardware  in  a  heavy  weight  configuration; 

3)  gather  sufficient  data,  most  notably  penetration  rate,  to 
be  able  to  size  a  flightweight  configuration  capable  of 
penetrating  10  feet  of  ice  in  an  arctic  environment. 

The  motor  cross-section  is  shown  in  figure  1,  and  figure  2  is  a 
sketch  of  the  test  arrangement. 

II  SUMMARY 

The  heavyweight  test  motor  successfully  penetrated  the  full 
thickness  of  the  ice  block  (41  inches)  in  less  than  the  total  burn 
time  of  the  motor.  First  evidence  of  flame  below  the  ice  occurred 
at  28.3  seconds  into  the  burn,  with  full  motor  penetration  9 
seconds  later.  The  total  motor  burn  time  was  45.5  seconds.  The 
hole  in  the  ice  was  approximately  conical  in  shape,  with 
considerable  channeling  and  flow  induced  cavities  on  the  hole  wall. 
The  top  of  the  hole  was  approximately  7  inches  in  diameter,  with  a 
5  inch  diameter  hole  at  the  exit  point. 

III  CONCLUSION/RECOMMENDATIONS 

This  test  has  demonstrated  rapid  penetration  of  ice  by  using  a 
solid  propellant  rocket  motor.  For  this  particular  design,  the 
motor  appears  capable  of  penetrating  about  50%  more  ice.  Although 
designed  to  spin,  very  little  spin  was  seen  in  the  test.  This  is 
likely  due  to  the  inert  weight  placed  on  top  of  the  assembly 
compressing  the  bearing  and  adding  to  the  inertia  of  the  test 
system.  Two  changes  are  recommended  for  the  next  test.  The  first 
is  to  reduce  the  inert  weight  placed  on  the  assembly  by  40  lbm,  and 
the  second  is  to  increased  the  ice  thickness  to  approximately  60 
inches . 

IV  DISCUSSIONS  ^ 

Table  I  presents  the  pertinent  design  and  performance  data  for  the 
motor  used  for  the  penetration  test.  The  motor  was  designed  to 
burn  nominally  for  about  43  seconds  at  400  psia,  giving  a 
propellant  mass  flow  to  the  ice  block  of  about  0.193  lbm/second. 
Due  to  slight  nozzle  insert  erosion  and  a  burn  rate  scale  factor  of 
less  than  1,  the  total  burn  time  was  actually  about  45.5  seconds, 
with  an  average  pressure  of  about  370  psia  and  an  average  mass  flow 
rate  of  about  0.182  lbm/second.  The  pre-test  predicted  and  post¬ 
test  reconstructed  pressure  and  thrust  traces  are  shown  in  figures 


3  and  4 .  The  post-test  reconstructed  traces  ( labeled  ACTUAL)  were 
derived  based  on  the  measured  throat  diameters  before  and  after,  as 
well  as  the  burn  time  determined  from  the  video.  The  motor 
pressure  level  was  then  inferred  from  these  data. 

Figure  5  presents  two  sets  of  data,  the  penetration  rate  as  derived 
from  the  high  speed  video,  and  the  time  when  heat  was  first 
detected  by  the  thermocouples  placed  in  the  ice  block.  There  are 
a  number  of  interesting  points  to  note  about  these  data:  1)  After 
about  5  seconds  of  burn,  the  penetration  rate  stays  constant  at 
about  1.29  inches /second,  although  there  are  a  few  points  were  the 
descent  is  both  more  and  less  rapid.  This  is  true  until  flame 
breaches  the  ice  bottom  surface  at  28.3  seconds.  2)  The 
thermocouple  data  indicate  that  the  flame  front  precedes  the 
advancing  penetrator  by  roughly  a  constant  amount,  between  4  and  6 
inches.  The  last  data  point  plotted  (at  about  17  1/2  seconds)  is 
an  indication  of  the  unevenness  of  the  flame  propagation  through 
the  cracking  ice,  for  this  seems  to  be  about  9  inches  ahead  of  the 
penetrator.  3)  The  first  indication  of  flame  below  the  ice  was  at 
28.3  seconds,  when  the  penetrator  had  descended  only  36  1/2  inches. 
From  this  point  on,  the  penetration  rate  was  naturally  slower, 
about  0.5  inch/second,  until  final  ice  breakthrough  at  37.3 
seconds.  4)  The  penetrator  burned  freely  below  the  ice  (on  the 
ground)  from  37.5  seconds  until  burnout  at  45.5  seconds. 

Table  II  lists  the  data  points  taken  from  analysis  of  the  high 
speed  video;  these  are  the  data  plotted  in  figure  5.  The 
thermocouple  data  are  plotted  in  Appendix  A. 
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I 


INTRODUCTION 


On  12  October  1990  the  second  in  a  series  of  two  penetration  tests 
was  conducted.  This  followed  the  successful  test  of  20  September 
1990,  discussed  in  the  test  report  dated  10-31-90.  This  test  was 
done  to  gather  additional  data  on  penetration  efficiency.  The 
motor  configuration  is  identical  to  that  of  the  first  test  (shown 
in  figure  1),  with  only  the  test  configuration  (figure  2)  changing 
somewhat.  The  thickness  of  the  ice  block  was  increased  from  41 
inches  to  62  inches,  and  the  inert  weight  placed  on  top  of  the 
assembly  was  reduced  from  68.8  Ibm  to  30  Ibm.  The  ice  thickness 
was  increased  because  test  #1  penetrated  the  full  41  inches  before 
motor  burnout.  The  weight  was  reduced  to  investigate  its  affect  on 
both  the  motor  spin  rate  and  the  penetration  rate. 

II  SUMMARY 

The  motor  burned  exactly  like  the  first  test  for  45.5  seconds,  in 
which  time  it  penetrated  through  54.5  inches,  and  then  settled 
through  another  1.9  inches  after  burn  while  the  case  cooled  down. 
At  30.5  seconds  a  gas  leak  occurred  through  the  seam  of  the  ice 
block,  reducing  somewhat  the  penetration  efficiency.  The  motor  had 
a  spin  rate  that  ranged  from  about  30  to  80  rpm,  the  maximum 
occurring  at  about  28  seconds  into  the  burn.  The  hole  in  the  ice 
was  again  roughly  conical,  with  a  7  inch  diameter  hole  at  the  top 
and  about  a  4  1/2  inch  diameter  hole  at  the  bottom.  The  hole  wall 
surface  was  somewhat  smoother  than  the  first  test,  probably  due  to 
the  motor  spinning,  although  there  is  no  quantitative  evidence  of 
this . 

III  CONCLUSION/RECOMMENDATION 

The  penetration  rate  and  efficiency  of  this  test  was  nearly 
identical  with  the  test  of  20  September  1990,  including  the  slower 
penetration  before  a  hole  is  established  in  the  ice  (before  5 
seconds) .  Had  the  seam  between  ice  blocks  not  failed, 
approximately  2.5  to  3  more  inches  of  ice  would  likely  have  been 
penetrated,  which  would  still  have  been  about  2  or  3  inches  short 
of  the  full  ice  thickness.  The  fact  that  the  motor  had  a  sustained 
spin  rate  seemed  not  to  affect  the  penetration  rate,  although  this 
was  likely  obscured  by  having  less  inert  weight  on  the  system. 
These  two  factors  are  obviously  interrelated. 

The  thermocouples  placed  in  /jhe  ice  block  yielded  no  usable  data, 
and  any  succeeding  tests  should  be  run  without  their  inclusion. 


IV  DISCUSSION 


Table  I  presents  the  performance  and  design  data  for  the  motor  used 
with  this  penetration  test.  Most  of  the  data  are  exactly  the  same 
as  the  first  test,  with  the  exception  of  the  actual  propellant 
weight  (8.24  vs  8.28  lbm)  ,  and  the  throat  diameters.  The  motor 
burned  for  45.5  seconds  at  an  average  pressure  of  about  370  psi, 
and  a  mass  flow  rate  of  about  0.182  lbm/sec.  The  pre  and  post-test 
thrust  and  pressure  traces  are  show  in  figures  3  and  4. 

Figure  5  is.  an  overlay  of  the  penetration  data  from  both  tests. 
The  similarity  of  the  traces  shows  good  repeatability.  Both  show 
a  rather  slow  start  to  the  penetration  until  5  seconds  as  the  motor 
gasses  are  being  dissipated  at  the  ice  surface.  In  test  two  the 
penetration  rate  between  5  and  30  seconds  (until  gas  breach  of  the 
ice  block  was  seen)  was  1.29  inches/ second,  the  same  rate  that  test 
1  exhibited  over  the  period  5  until  28.3  seconds  (when  gas  breached 
below  the  ice  surface) .  After  30  seconds  the  penetration  rate 
drops  to  about  1.11  inches/ second  when  some  of  the  energy  escapes 
through  the  side  of  the  ice  block.  After  motor  burnout  at  45.5 
seconds,  some  penetration  continues  as  the  hot  motor  case  settles 
into  the  ice. 

Table  II  is  a  digital  listing  of  the  penetration  as  taken  from 
analysis  of  the  high  speed  video. 

Because  the  volume  of  ice  carved  out  by  the  penetrator  is  difficult 
to  estimate  or  predict,  a  method  for  calculating  overall 
penetration  efficiency  was  derived  based  on  the  motor  diameter 
only.  This  is  based  on  the  concept  of  the  "perfect"  hole,  i.e.  one 
having  the  same  diameter  as  the  penetrator.  Table  III  compares  the 
efficiency  of  both  tests  based  on  the  perfect  hole  concept,  and  the 
energy  that  was  expended  from  the  motor  in  creating  the  hole.  The 
actual  energy  used  in  test  1  was  calculated  by  using  only  that  burn 
time  necessary  to  make  the  hole,  not  the  total  burn  time.  This  was 
calculated  by  determining  the  time  at  which  the  41  inch  ice  block 
would  have  been  penetrated  had  the  flame  not  breached  the  lower 
surface  reducing  the  efficiency  of  penetration.  Extension  of  the 
slope  of  the  curve  before  28.3  seconds  intersects  the  41  inch  point 
point  at  about  32.3  seconds.  Therefore,  the  fraction  of  available 
energy  used  is  32.3/45.5  or  .71. 

Both  tests  give  an  overall  efficiency  of  about  20%  using  this 
method.  This  calculation  is  rjiowever  crude,  for  no  attempt  is  made 
to  include  the  effects  of  nozzle  configuration,  mass  flow,  spin 
rate,  total  weight  or  burn  time.  The  20%  efficiency  factor  is 
therefore  applicable  only  to. this  design,  but  could  be  used  as  a 
starting  place  for  further  predictions. 
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Ice  Penetrator  Test  10/12/90 
Penetration  Data  From  High  Speed 
Video  Analysis 


Time,  Penetration 

sec  Distance,  in 


0.000 
0  .  456 
0.664 
0 . 928 
1  .  144 
1.512 
1 . 760 
2 . 120 
2.560 
3.136 
3 .648 

3.800 
3.920 
4 . 152 
4 .528 
4.768 
5 . 120 
5.320 
5 . 568 
5 . 720 
5 . 928 
6.096 

6 . 328 
6 .656 
9  .  120 
9.248 

9.328 

9.800 
10.536 
11.000 

11.392 
11.632 
11.936 
12.240 
12.264 
12.336 
12.360 
12.376 

12.392 
12.400 
12.416 
12.488 
12.728 
12.944 
13.128 
13.200 
13 . 464 
13.752 
13.816 
13.912 
14. 104 
14.176 
14 . 2A0 


0.0000 
0.0000 
0  .  1579 
0.3158 
0.4737 
0.6316 
0.7895 
0 . 9474 

1 .1053 

1.2632 

1.5789 

2.6842 

3.7895 

4.2632 

4.5789 

4.7368 
4 . 8947 
5 .0526 

5.2105 
5.3684 

5.6842 
6.0000 
6.3158 

6 . 7895 
9.6316 
9.9474 

10.2632 

10.7368 
11.0526 

11.2105 
11.3684 

11.5263 

11 . 6842 

12.1579 
12.3158 

13.1053 

13.4211 

13.7368 
13.8947 

14.2105 

14.5263 

14.8421 

14.8421 

14.8421 
15.0000 
15.0000 

15 . 1579 

15.7895 
15.9474 

16 . 1053 

16.2632 

16.4211 

16.5789 


2T  Cc^sn) 


Time  , 

Penetration 

sec 

Distance ,  i 

14 . 368 

16 .7368 

14 . 440 

16 .8947 

14.704 

17.2105 

15.008 

17.6842 

15.168 

17.6842 

15.232 

18.0000 

15.424 

18.3158 

15.480 

18.3158 

15.648 

18.6316 

17.016 

20 . 5263 

18. 144 

21 . 7895 

18.456 

22.2632 

18.944 

22.4211 

18.984 

23 .0526 

19.088 

23.2105 

19.536 

23.6842 

20 . 152 

24.3158 

20 . 704 

24 . 7895 

21 .232 

25 . 1053 

22.672 

27.1579 

23.304 

28.5789 

23 . 848 

30.3158 

23 . 952 

30 .3158 

24.344 

30 . 7895 

25.232 

31.5789 

26.048 

32.5263 

26 . 440 

33.0000 

27.496 

33.7895 

28.328 

34.8947 

28.696 

35.6842 

29.360 

36 . 7895 

29.744 

37.2632 

30.272 

37.7368 

30 . 904 

38.3684 

31.344 

38.8421 

31.760 

39.1579 

32.072 

39.4737 

32.488 

39.7895 

32.744 

39.9474 

33. 120 

40 .4211 

33.504 

40.8947 

33.960 

41 . 3684 

34. 192 

41.5263 

34.432 

42 .3158 

34.488 

43. 1053 

34 .624 

43.4211 

35.248 

43.7368 

35.768 

44 . 0526 

36.352 

44 . 3684 

36.752 

44.6842 

37.384 

45.3158 

37.840 

45.7895 

38.136 

46.2632 

38.440 

47.0526 

39. 128 

47.8421 

39.776 

48.6316 

T/\  6u 

Time  , 
sec 

40 . 280 
40.672 

41 . 352 
42.152 
42.680 
43.216 

43.768 
44.136 

44.352 
44.752 
45.224 
45.696 
46.432 
47.096 
47.592 
48.200 

49.768 
50 . 736 
53.408 
56.472 


o  1 T  (ce'JTJ 

Penetration 
Distance,  in 

49.2632 

49.8947 

50.3684 
51 . 1579 

51.4737 
51.7895 

52.4211 
53.0526 
53.5263 
54.0000 

54.4737 
54.6316 
54 . 9474 

55.2632 

55.2632 

55.4211 

55.8947 

55.8947 
56.2105 

56.3684 
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ice  weight 
144  BTU/lbm 
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DISTRIBUTION 

TE-M-913-2  -  RAPID  THERMAL  ICE  PENETRATOR 


J.  D.  BLEVINS  G-28  (1) 

D.  M.  DUNLAP  G-22  (1) 

M.  G.  KRAMER  G-29  (1) 

D.  E.  OSBORNE  G-29  (3) 

FILE  G-28  (1) 


TE-M-913-2  20  SEPTEMBER  1990 

RAPID  THERMAL  ICE  PENETRATOR 
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TP2833-1485 


c 


(J 


TIME,SEC  TE-M-913-2  ,  ICE  PENETRATOR 


ICE  PENETRRTOR 


HOO. 


061d3S02  <  £-31)  d  93Q  ‘  ’dWHi 


u. 


TIME  >SEC  TE-M-913-2*  ICE  PEMETRRTOR 


